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Abstract

This paper describes some single-cell RF-heating and air chem-
istry computations that are intended to model the conditions of an

AM experiment. either in a laboratory environment or in the atnm-
sphere. For a puloed mode of RF-induced ionization uoing repetitive

120-ns pulses with l-ma separation we examine the relative mnounts

of pow~r required to sustain ion.izution in the second and subsequent

pulses compared to the fist pulse. We also compare power require-

ments for wstained ionization at a pressure of 1 Tom (46 km altitude)

and at 0.0:1TorT (74 km altitude). The power needed in the 0.03 -TorT

case is substantially less than in the Itigher”pressure caae. We !Ind

that at both pressures, using the RF power densities required to w.ts-

tain ionization the neutral gaa is heated very raphl.ly to temperatures

exceeding 5000 K, leading to strong turbulence. We follow the chem-

ical evolution of 55 species of atom-, molecu.leu and ions, and we pay

particular attention to the rate of production of N and NO, because
of the efiet’ts of those species on the concentrate ions of st ratosphe tic

mlone, ThP N and NO productiotl rates are not sufllcient to cause

serious concerns about ozone depletion. 1-nt k caae represent Ing 74

km altit~d~ ( P = 0.03 Twr) w find that qwte high concentrations of
NO will ●xist in the vicinity of the artificial ionization patch, leadlng

t o I he possibility of ●hanced local D-region ioluzation caused by the

ionization l)f NO hy solar Lyman-alpha,

This w~rk pdorllwd undrr I Iw+nuspecm of I lIe ! r, S. t)epartlllcnt

of Ehergy with partial support from IIw 11. S. Air Forc~.
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1 Introduction

This paper describes some singleceU air chemistry and RF-heating

computation that are intended to approximate the conditions of an

MM experixnmt. either in a laborator!J environment or in the atmo-
sphere. Some questions to be addressed are:

1. How much RF power is absmbed by the air?
2, How rapidly does the temperature rise’?

3. \Vhat changes in chemical composition are produced in the

tiected air?
4. How do these chemistrv results relate to possible environmen-

tal effects of a fill-scale NM faciiitv ! Ln particular, will sigxuficanc
quantities of nitrogen oxides be added to the upper atmosphere’?

We have done the computations in three stages. The fit stage is

done with a Imodel of the propagation absorption reflection of high
power RF waves in air including the self-consistent treatment of elec-

tron heating, coil.hional excitation and ionization of the air, and elec-

tron attachment and recombination. and including both time- and
spatial wu~ations of all quantities in the direction of propagation of
the RF wa~ ●s, Because of computer costs this model only treats a

~ing!: RF puke and a brief post-pulse period extending to about 10-6

seconds.
The second stnue of \ he calculatioli treats the detailed chemistry

at one location. using the previously-computed electrrn temperature
vs time M input, together with the initial electron density. It includes

the time evolution of concentrations of 5S chemical species and of

the neutral temperature. and it is mtlkiently fast-running that It can

treat a sequence of 20 or more puke. It is t~icallv found that at

the start o! the second and later puke the reslduai electron density IS
much higher than it WM before the start of the lint puke. Therefore,

a lower RF power deneity (or lower electron temperature) ie requhed
in the second pulse to raise the electron density to the IIarm peak value

M that attained in the fist. Since the peak electrnn deneit y reached
in the first pulee is essentially that required to reflect the RF wave.

larger electron densities than that are physically Urueaeonable in the

.AIM scenario. Therefore. for pulses after the first. in order to obtain
the wune peak electron densitv, WP muet rmiuce the input electron

temperatures (equivalent to reducing the RF power levels). fW arbi-

trarily nm.itiply the Input lust-pulse el~ctrou Muperatureu 6Y B factor



( < 1), which is determined by trial and error to be such as to pro-

duce the desired lirnit~ng electron density. \Vith the factor comectlv

adjusted the electron densitv-vs-time plot exhibits a regular sawtooth

shape. On the other hsmd the plots of N. NO and O concentrations

and that of the neutral temperature resemble the rime-lnteqm ii tlie

electron-ion production raLe. h is found that Lhe air composition aIIcl

temperature are substantially altered within 20 pulses (20 millisec-

onds ).

Because of the requirement of the chemistry model to use smedl

time steps to resolve the leading edge ot’ each pulse ill detail it takes

a siun.ificam amount of computer time to follow 20 pldses. It is too

expensive to use to simulate a lonq-nm-ning MM experiment lEu3tinq

several seconds. minutes or hours. Therefore we developed a third-

stage chemistrv model. The third-stage model is similar to the seconrl-

stage model just described except that it approximates the etfects of a

sequence ot’ many RF pulses by substituting a steady input ionization

source whose strength is Chosen such as to produce approximately the

mrne electron. N. LNOand 0 densities at times of 10 to 20 ms as does
the second-stage model. This model is fast-running and can be used

to simulate MM experi rnents of ary re=onable duration, However,

the computations show tvpically that the Ileutral Ras temperature

rises hevond 5000 Ii in less thal a second. at which tinle thermal

ionization procemes betxili to he faster thau the ionization produced
by the RF wave directlv. .It this point we choose to stop.

The second- and third-sta~e moclels do not inclurie imv spatial de-

pendencies - i.e. t l~ey represent a closed svstem. They allow M Io

mmpllte the concentrations ot’ chemical species such aa N. NO. (~, (~3,

etc. within the local region excited by the RF beam but not the rate

of emission of these species ink (he ml (Jr (he a~nmsphere. Tu (10

A detailed computp.:ion of the amounts 0!’ IVOr etc. releweci [.0 the

tmvironrnent would require n 2- D ndti-cell (Iiffusion. transport, and

chemistrv modd of a sort that we have Imt built. However. it is dear

that the local atmospheric mi)ting would be dontinated by iorxdly-

drivm turbllience ( since we ilave t’mmri that tiw lord temperntur~9
t=xreeci 5000” K ). nnri it. is lmiikeiv t ilM WP roIIi(i fhlti A re]iuh]e fdqo-

rith.tll to {imcrihe titis turtmlence. FJecntlse c)( Iltis prot)letn tile cOII.

qlrllrtio[l t~l’tile U-I) fiitltl~ioll lll{)(i~i Ii~wq lIo[ qrolll w~mtlwililv, ( )11

the other immi WP CM make wmw simpie hm~ti.raic,ldnt ●-i mtinmt m

of the ,Vor rrlrmsr’ rnte hiwwl 1111t ilc t!llrfist nRc morl~l rmuits, “1’IIP



results will be de~cnbed.

2 Specific Computations

2.1 Case I: P = 1 Torr

In one scenario the RF beam geometry is supposed to be such that

the ionization patch would b? fom~ed at about 4fI km altitude. where

P s 1 Tom.

Figure 1 shows the phaswone computation of the electron clensitv
vs time and electron temperature vs time during and shortly after the

first pulse at a location near the center of the patch. Both ne and l;

rise rapidly during the pulse and then decay dowl y.

Figure 2a,b shows the input ~, and computed n, from a phase

2 computation representing a train of 20 pulses. During the first

pulse the input T, VS t w~ taken to be identical to that computed

in phaae 1 (Fig. lb). For subsequent pulses the first-pulse T.(t) was

multiphed by the factor 0.53, c!etenn.ined by trial-and-emor, so as to
produce the same peak electron density M that computed for the fist

pulse. The time evolutions of the T, and n, during the 120-ns-long

RF pulses we not resolved in the figure, which shows ordv a sequence
of discontinuous electron density increases foUowed by a sequence of

decavs due to dissociative ion-electron recombination.

The pressure Wm held constant a [ Torr - i.e. by the inclusion of

n volume rate of’ change term ill ●ach of the chemical rate equntions.

Figure .3a shows the computed neutral temperature Tn(t), which is

bad on thr amounts of ●nergy input in each RF pulse and aasumes

a constant specific heat C’P - ~k erg/&g. IIIuitctde ( wllerc ,: iu Bolt, z-

mann’s constant). Figures 3~, 4a and 4b show the corresponding

computed concentrations of N, NO and 0. Those three species are

closely coupled through the chemical reaction

‘v + IV() - Iv?+ ()

During the brief 20-ms duration of t his simt.dation the temperat we rise

is not Suificiellt to nfFect the rhentird r~le codfiriellts vmv ~tronuly,

so the evolution ot’ tile them.icnl cwlcentrations seems fairly ~inlple

cud reuulsu.



To continue the computation to longer times we switch to the

phase3 approximation which replaces the sequence of RF pulses (elec-
tron temperature excursions ) by a qu=i-steady ionizatiori source. “rhe

latter is specified x L] = a,ffn~,~=l ion-pairs /cn13 . s. where n,(~az,

is sm eiectron density level chosen to match the results of the Fb=e 2
computation and a.ff is an effective ion-electron recombination rate

coefficient, computed interactively w the weighted average of the re-

combination coefficients of the various positive ion species present.

The electron and neutral temperatures are =sumed to be equal.
Some of the pImse3 computed results are shown in Fi~;s. 5a.b and

6a.b.c. Figure 5a.b shows the electron densitv and the temperature.

The temperature reached 5000 K in 1.3 seconds. at which point the

calculation WiM stopped. Tile electron density rises vorv rapidly to a

plateau and remains constant thereafter at a vaiue close to the average

~alue of n? that WaJI conlputed in ~h=e 2. The computed .V. NO ad
0 crmcelltrations are plotted ill Figs. 6a.b,c. At early times they

are close to the ‘ flUCS colnputed aL similar times with tile p!~Me-2

model. -At later times the N and %’0 concentrations exhibit sonle

complicated undulations. but the 0 concentration increases steadilv.

At 1.5 seconds, the end of the rml. 02 is mostlv dissociated into atoms.

and the heated region h= expanded to about 15 times its original

volume. The ti.nal NO concentration at 1.5 s is close to 10’4rm ‘3.
and it is about t hrec rimes larger t hi-m the ,Y cone mt.rat.ion.

(]l]e of the purposes of (IUS ~tudv was to examine possible envi-

ronmental problems that could mise frolu a full-scale AIhl operation.

One concern is the rate at which nitrogen oxides would be added to the

upper atmosphere. because of the well known etfects ot stratospheric
.fVOz conceIltrations on the ozone balance. It would have to be shown

that the rate of incre~ed iv Or injection would not he su.fRcient to

alTect the global or regional .YO. concentratio]is.

As we have noted. this mociel thus far represents a closed svstem.

The computations show that very large concentrations of iVO= are

produced locally, but they do not address the question 01 the rates

of additirm of .J’Om to the rest of the atmosphere. However. we can

address tl~e Iat{ w problelll ill ml approximate wav m (OI1OWS.

We fmmd I hat the D F twnting led t o a t empernt.~lrp rise rate of

about 3000 deu K/s. 5uch a Iwating rate would rcrtaiidv lead to 111-

tense turt.)tdencc aud rapid mixinu, so that N. ?iO. aINl 01her cheIIucal

products would lx injectwl illt(] I Ile sluroumiing alnmspiwrel \VF .alsf)

.
)



found that on a time scale of 1 to 1.5s the average rate of NO produc-

tion per unit volume WM about 6 x 1013cm-3s-1. If we assume that

the hemted region is 10 c:n in depth and extends over a square kilome

ter, then the volume is 101’cm3 and the rate of NO= production and

injecti( nto the atmosphere is about 6 x 1024 molecules /s. The total

inventory of NO. in the global stratosphere is about 10M molecules.

Therefore the RF heating activity would be capable of doubling the

global JVOS inventory in about 1.5 x 10e seconds, or about 50 years.

This rate does not seem alarming.
On the other hand. on a regional scale the NO= injection problems

could be more severe. T!L? normal .VO= inventory over an area of

1000 by 1000 square kilonwters is about 1031 molecules. If we take the

injection rate due to the MM to be 6 x 1024s-1 then the IVOZ doubling

time corn= out to be about 20 days. This time is substantially longer

than the atinospheric changeover time for a 1000 by 1000 !c.rnZregion
(about 2 days), and w< can conclude that an AIM operation running

continuously would not produce a noticeable increase in regional IVOZ

cc-centrations.
It is possible that there would be a faintly-visible brown fVOa cloud

in the near vicinity of the heated region.

Assuming perfect efficiency (i.e. no reflection of the RF waves) and

au ionized volume of 1011cms to obtain sustained ionization would
require an average RF power of 120 hlegawatts. Taking the duty

factor to be 1.2 x 10-4 this impbes a peak power of 10e !AIegawatts

per pulse after the first pulse.

2.2 Case II: P = O.O3 ~rr

We ran a similar set of calculations for the lower pressure of 0,03

Torr. representing an altitude of about 74 km. Figure 8a,b shows the

results of the phase 1 computation of electron density vs time and

●lectron temperature vs time during and shortly after the first puhe.

igures 9a.b, 10a,b and 1 la,b Aow resultc of a phaae-2 computation
for 20 pulses. It was found that to obtain the same peak electron

clensit y in the second and subsequent pulses as that obtained in the
first pulse ~lle electron temperatures had to be scaled dom hv the

factor 0.03. rhe plots of n,(t) and T,(t) are shown in Figs. 9a.b. The

plots of the neutral temperature and the I ‘~centrations of N. NO and

O are shown in Figs. 10a.b and 1la,b. Because of the smaller ratio

6



of peak electron density to neutral molecular density in this c=e the

neutral temperate rises faster than in the l-Torr case. Results of
the ph~e3 computation are shown in Figs. 12a.b and 13a.b,:. 14a,b.

T’h= neutral temperature reached 5000 K in 0.75 s. at which point che
caicu-lation ww stopped. .\t that point the heated air had e.xpanderl

by a factor of about 15 and 0~ w- mosclv dissociated into atoms.

The peak NO concentration was about 1.2 x 10IZ and the N atom
concentration w- about a factor of two smaller.

On the question of injection of iVO, it is clear that in this case

the rate of increase of NO. concentrations relative to the total global

or regional inventory is smaller than in the l-Torr case. Therefore the

elfect on stratospheric ozone should be totallv negligible. However

the local incre-e of NO wld N concemrations in the near vicinity

of the heated region would be very large. The local concentration

of artificially-produced NO. of order 1012crn-3. would be about S.S

orders of magn.i t ude larger than the ambient NO concentrate ion. The
increase in atomic N concentrations would be about 107 above back-

ground. Since NO is ionizable by solar H-Ly-n radiation this could

result in a considerable enhancement of ionization outside of the region

of direct RF-induced ionization. The effects of this diffuse enhanced

D-re@on ionization remain to be investigated.

The RF power requirement for maintaining the ionization patch

at this pressure (altitude) is about 10 times smaller than in the l-Torr

case.
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